OXIDATIVE STRESS HAS AN IMPACT on biological processes involved in cell survival and aging as well as on pathogenesis of diseases ranging from cataractogenesis to age-related neurodegenerative conditions (3, 9, 14, 19, 39, 75) . To counteract oxidative stress, hosts have evolved antioxidant defense systems that include superoxide dismutases (SODs), catalase (Cat), glutathione peroxidase (Gpx), and antioxidant peroxiredoxins (Prdxs). The physiological role of antioxidants depends on their levels of expression and activity in cells. A decrease in expression of antioxidants leads to uncontrolled overproduction of intracellular reactive oxygen species (ROS), resulting in dysfunction of cellular organelles including those in the endoplasmic reticulum (ER) (63, 85) . The normally functioning ER provides a unique and balanced oxidizing microenvironment for protein folding (28, 50, 70) . Newly synthesized proteins gain their native conformation in the ER, where an efficient quality control system allows only correctly folded molecules to exit for their allotted destinations (23, 30) . Thus, the unfolded protein response (UPR) is an adaptive signaling pathway evolved to prevent the accumulation of misfolded protein in the ER lumen. When cellular homeostasis fails in the increased redox environment generated by reduced expression of antioxidants, spontaneous accumulation of proteins eventually leads to ER stress-induced cell death (70) . Furthermore, diverse cellular stresses, as may be caused by chemotherapeutic drugs, radiation, hypoxia, or cellular stress, can initiate or accelerate both oxidative and ER stresses, causing greater damage in cells (53, 62, 78) . Prdx6 acts to alter gene expression by optimizing ROS expression, which culminates in either apoptosis or cell recovery (9, 14, 18, 38, 75) . Thus maintenance of nearly constant levels of cellular Prdx6 expression is crucial to maintenance of the physiological levels of ROS necessary to regulate cell survival signaling. Cells deficient in the Prdx6 gene are known to display higher expression of ROS with impaired homeostasis and spontaneous apoptosis (14, 75) , but the intracellular mechanism(s) by which Prdx6 deficiency relays adverse signaling and causes cells to be more sensitive to oxidative stress (14) is not known.
Prdx6 is a member of the selenium-independent peroxidase family that has GSH peroxidase as well as acidic Ca 2ϩ -independent phospholipase A2 (PLA 2 ) activities. Prdx6 has been found essential for maintaining cellular homeostasis (14, 16, 52, 72) . We reported earlier that an extrinsic supply of Prdx6 provides cytoprotection against various stressors and delays the progression of cataractogenesis (14, 16, 35, 56) . Although Prdx6 is classified as a peroxiredoxin based on homology of structure, its properties differ from those of other mammalian peroxidase family members, and the sequence associated with the protective activity of Prdx6 is not present in other peroxiredoxins (52) . All six mammalian isoforms of Prdxs are relatively expressed at high levels and are differentially localized in cytoplasm, mitochondria, ER, nucleus, and peroxisomes (12, 33, 79) , protecting them from various stressors. On the basis of the number of conserved catalytic cysteines (peroxidatic cysteine), they are generally divided into two groups, 1-Cys and 2-Cys Prdxs. Prdx6 is the only member of the family that has non-selenium peroxidase and Ca 2ϩ -independent PLA 2 activities (8, 36, 52, 54). In cells, Prdx6 participates in oxidative defense by suppressing intracellular enzyme inactivation and membrane phospholipid peroxidation, and by eliminating excess ROS (13, 20, 38, 75) .
UPR is primarily an adaptive response aiming to restore ER homeostasis and protect cells from stress. With prolonged stress, the ER stress receptors can initiate proapoptotic pathways, leading to cell death (69) . CHOP/Gadd153 was the first molecule found to mediate ER stress-induced apoptosis (61) . Empirically, different cell types have been observed to respond differently to oxidative stress inducers such as ischemia (47) . Because Prdx6-deficient cells are vulnerable to oxidative stress, and hypoxia activates UPR (32, 46, 85) , the subsequent abnormal signaling can undermine cellular survival when threshold levels of cellular defense are inadequate. In the current study, we found that lens epithelial cells (LECs) isolated from Prdx6-deficient mice (14) displayed increased expression of CHOP and Bip, leading to the prediction that Prdx6 depletion may be associated with ER stress and that deficiency of Prdx6 is the initiator of UPR/ER stress in these cells. In addition, our investigations revealed the induction of all three arms of UPR-PERK, ATF6, and IRE1-␣-and their downstream targets in these cells, in which aberrant expression levels were further modulated by hypoxia (1% O 2 or CoCl 2 , a hypoxia mimic) (1) . These data underscore the role of Prdx6 in maintaining ER stress homeostasis by regulating cellular ROS at normal physiological levels. However, perturbation of ER homeostasis may occur under various conditions. Given the role of Prdx6 in maintaining signaling pathways, its deficiency may influence cell signaling, including both the UPR-mediated survival response and the apoptotic cell death response to ER stress.
Using Prdx6-deficient cells coupled with Prdx6 overexpression and aging cells, we found that loss of Prdx6 led to initiation of UPR/ER stress signaling as evidenced by selective upregulation of UPR/ER stress-associated proteins such as Bip, CHOP, ATF4, and so on. These proteins were further increased in Prdx6 Ϫ/Ϫ cells exposed to oxidative/ER stressors, leading to apoptosis. In contrast, delivery of Prdx6 prevented overmodulation of the proteins and cell death. We also found that Prdx6-deficient cells had enhanced sensitivity to oxidative stress from ROS accumulation, and these cells displayed altered expression of antioxidants and chaperon proteins and mRNA. The data presented here provide evidence that Prdx6 deficiency induces/initiates UPR/ER stress-induced abnormality and cell death, at least in lens cells. We propose that Prdx6 Ϫ/Ϫ cells cultured in vitro showing phenotypic abnormalities. Lens epithelial cells (LECs) were isolated from peroxiredoxin 6 (Prdx6)-targeted mutants (Prdx6 Ϫ/Ϫ ) and wild-type (Prdx6 ϩ/ϩ ) mice. Cells were cultured in complete DMEM medium (GIBCO) overnight. The medium was replaced with DMEM containing 0.1% BSA. Significant morphological alterations were observed in Prdx6 Ϫ/Ϫ cells; they became elongated and fiberlike, formed cellular aggregates, packed irregularly, and showed apoptosis. Arrows indicate dead cells. B: involvement of oxidative stress in Prdx6 Ϫ/Ϫ cells, showing elevated levels of reactive oxygen species (ROS). ROS-responsive fluorescence probe 2=,7=-dichlorofluorescein (H2-DCF-DA) assay was conducted to monitor the intracellular ROS level. Prdx6 ϩ/ϩ and Prdx6 Ϫ/Ϫ cells were cultured in 96-well plates in DMEM ϩ 10% FBS. The next day, the medium was replaced with HBSS containing H2-DCF-DA dye and fluorescence intensity was measured. Histogram values are means Ϯ SD of three independent experiments. OD, optical density. **Statistically significant difference (P Ͻ 0.001 vs. control). C: Western analysis of Prdx6 Ϫ/Ϫ and Prdx6 ϩ/ϩ cells showing expression or activation of Bip, CHOP, calnexin, peIF2-␣, pPERK, pIRE-␣, ATF4, and ATF6-␣ (#, nuclear extract) in Prdx6 Ϫ/Ϫ and Prdx6 ϩ/ϩ cells. Cells were cultured in 60-mm plates for 48 h, cell lysates were prepared, proteins were resolved on 10% SDS-PAGE, and Western analysis was done. Membranes were stripped/restripped and immunostained with different antibodies. In each experiment, ␤-actin was used as an internal marker. Protein bands were quantified using a densitometer, and levels were normalized to corresponding ␤-actin levels; histograms are shown below the protein bands. Data represent means Ϯ SD of three independent experiments. **P Ͻ 0.001 vs. control.
is necessary for maintaining a homeostatic regulatory system and allowing cells to maintain an intracellular microenvironment favorable for cellular function.
MATERIALS AND METHODS

Generation and validation of LECs isolated from lenses of Prdx6
Ϫ/Ϫ and Prdx6 ϩ/ϩ mice. All animal experiments followed the recommendations set forth in the "Statement for the Use of Animals in Ophthalmic and Visual Research" by the Association for Research in Vision and Ophthalmology. Animal studies were approved by the University of Nebraska Medical Center (UNMC). LECs isolated from Prdx6-targeted mutants (Prdx6 Ϫ/Ϫ ) and wild-type (Prdx6 ϩ/ϩ ) mice were generated and maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), as described earlier (14) . Prdx6 Ϫ/Ϫ 129/Sv mice were generated at Harvard Medical School (Boston, MA) under the supervision of Dr. David R. Beier. For the present study, we used Prdx6 Ϫ/Ϫ mutant mice of pure 129 background, and, as controls, wild-type 129/Sv inbred mice of the same sex and age (Prdx6 ϩ/ϩ ). All animals were maintained under specific pathogen-free conditions in an animal facility. LECs were isolated from mice of identical age, and Western analysis was carried out to confirm the presence of ␣A-crystallin, a specific marker of LECs. Cells from 3-5 passages were used for the experiments. Isolation of LECs from human subjects. Eye lenses isolated from human eyes aged 18, 23, 24, 63, 64 , and 74 yr were obtained from the Lions Eye Bank, UNMC. LECs were generated as described earlier with some modification (59) . Briefly, clear lenses were washed with DMEM medium containing penicillin-streptomycin (100 g/ml) and amphotericin B (25 g/ml). Capsules were spread by forceps with cell layers upwards on the surface of plastic culture petri dishes. Complete DMEM containing 15% FBS serum was added. The growth of explants culture was monitored routinely. For subcultivation, monolayer of culture was incubated with trypsin (GIBCO), and the dissociated cells were split as described earlier (59, 68) . LECs obtained from 2 to 3 passages were used for the experiments.
Cell culture and generation of hypoxic stress. LECs were cultured in 96-well plates or 100-mm petri dishes according to the requirements of the experiment. For each assay, cells were first cultured in ϩ/ϩ and Prdx6 Ϫ/Ϫ LECs. Total RNA was isolated and transcribed into cDNA. Real-time PCR was performed using specific primers as described in MATERIALS A full-length Prdx6 antisense construct was made by subcloning Prdx6 cDNA into a pcDNA3.1/NT-GFP-TOPO vector in reverse orientation. Plasmid was amplified following TOP 10 bacterial cell transformation as described earlier (17) .
Western blot analysis and antibodies. Cytoplasmic and nuclear extracts or total cell lysates were prepared in ice-cold radio immunoprecipitation assay (RIPA) lysis buffer, as described previously (15, 17) . Equal amounts of protein samples were loaded onto a 10% SDS gel, blotted onto polyvinylidene fluoride membrane (PerkinElmer, Waltham, MA), and immunostained with primary antibodies at the appropriate dilutions. The antibodies were Prdx6 monoclonal antibody (Lab Frontier, Seoul, Korea), pIRE1-␣ (sc-20790, Santa Cruz Biotechnology), ATF4 (ab50546, Abcam, Cambridge, MA), ATF6-␣ (sc-22799, Santa Cruz Biotechnology), tropomyocin (Tmp 1␣ and 1␤, sc-28543, Santa Cruz Biotechnology), Bip (no. 3183, Cell Signaling Technology), calnexin (SPA-860, Stressgen), CHOP (sc-7351, Santa Cruz Biotechnology), peIF2-␣ (sc-11386, Santa Cruz Biotechnology), pPERK (sc-32577, Santa Cruz Biotechnology), caspase 3 (no. 9665, Cell Signaling), and caspase 12 (no. 2202, Cell Signaling, ab8117, Abcam; sc-5627, Santa Cruz Biotechnology). Membranes were incubated with horseradish peroxidase-conjugated secondary antibodies. Specific protein bands were visualized by incubating the membrane with luminal reagent (Santa Cruz Biotechnology), and the images were recorded with FUJIFILM-LAS-4000 luminescent image analyzer (FUJIFILM Medical Systems). To ascertain comparative expression and equal loading of the protein samples, the membrane stained earlier was stripped and reprobed with ␤-actin antibody (Sigma).
Expression and purification of TAT-HA-Prdx6 fusion protein. Construction and purification of Prdx6 linked to TAT were performed as described previously (38) . Briefly, a full-length cDNA of Prdx6 was isolated from human LEC cDNA library and cloned into TAT-HAPrdx6 prokaryotic expression vector. Recombinant protein was purified using Ni 2ϩ -nitrilotriacetic acid Sepharose column. Escherichia coli BL21 (DE3) was transformed with pTAT-HA-Prdx6, and the cells were harvested in binding buffer and sonicated. Immediately after centrifugation, supernatant containing TAT-HA-Prdx6 was loaded onto a 2.5-ml column. The fusion protein was washed, eluted with an elution buffer, and dialyzed. The purified protein was either used directly for protein transduction or aliquoted and stored frozen in 10% glycerol at Ϫ80°C for later use. A batch of recombinant protein TAT-HA-Prdx6 was passed through a Detoxi-Gel endotoxin-removing gel column (no. 20344; Pierce, Rockford, IL) to exclude endotoxin contamination, if any. In a parallel experiment, this preparation was used to compare protective efficacy of Prdx6-linked to TAT-HA that was not purified through the column.
Quantitative real-time PCR. Quantitative real-time PCR was performed using LightCycler 480II as described earlier (38, 72) . Prdxs and ␤-actin primers were purchased from Roche Applied Sciences. Gpx1 and catalase-specific primers were used as described earlier (72) . The comparative Cp method was used to calculate relative fold expression levels using LightCycler 480 software (release 1.5.0 SP3). The Cps of target genes were normalized to the levels of ␤-actin as an endogenous control in each group. Primers were as follows: ␤-actin forward: 5=-CTAAGGCCAACCGTGAAAAG-3= and reverse: 5=-ACCAGAG-GCATACAGGGACA-3=; Prdx1 forward: 5=-GTGAGACCTGTG-GCTCGAC-3= and reverse: 5=-TGTCCATCTGGCATAACAGC-3=; Prdx2 forward: 5=-GACGAGCATGGGGAAGTCT-3= and reverse: 5=-TCCTTGCTGTCATCCACATT-3=; Prdx3 forward: 5=-GTGCCTCTT-GCGTGCTCT-3= and reverse: 5=-ACTTGCATGACGAGCAACC-3=; Prdx4 forward: 5=-TGACAAGCATGGAGAAGTCTG-3= and reverse: 5=-CAGCTGGATCTGGGATTATTG-3=; Prdx5 forward: 5=-GATT-GAAGAGTGGGGTCGAG-3= and reverse: 5=-TCTGTCGCCTTC-CCAAAG-3=; Prdx6 forward: 5=-TTTCAATAGACAGTGTTGAG-GATCA-3= and reverse: 5=-CGTGGGTGTTTCACCATTG-3=.
Assay of intracellular ROS level. Intracellular ROS level was measured by use of fluorescent dye dichlorofluorescin diacetate (H2-DCF-DA), a nonpolar compound that is converted into a polar derivative (dichlorofluorescein) by cellular esterase after incorporation into cells (14, 38) . Cells were cultured in 96-well plates for 24 h with DMEM having 10% FBS. Cells were then either exposed to 1% O 2 or treated with CoCl2 and tunicamycin at various doses for different time intervals. The medium was replaced with Hanks' solution containing 10 M H2-DCF-DA dye, and cells were incubated. Following 30 min of incubation at room temperature, intracellular fluorescence was detected with excitation at 485 nm and emission at 530 nm as measured by a Spectra Max Gemini EM (Molecular Devices, Sunnyvale, CA).
Cell viability assay. A colorimetric MTS assay (Promega, Madison, MI) was performed as described earlier (14, 38) . This assay of cellular proliferation/viability uses 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2 to 4-(sulfophenyl)2H-tetrazolium salt. When added to medium containing viable cells, MTS is reduced to a water-soluble formazan salt. The A 490 nm value was measured after 4 h with an ELISA reader. Results were normalized with absorbance of the untreated control(s).
Cell apoptosis assay. Apoptosis was measured by flow cytometry to quantify the levels of oxidative stress-induced apoptotic cells. The annexin V binding assay was performed with the annexin V-FITC/PI Apoptosis Detection Kit I (BD Biosciences), following the company's protocol. Briefly, Prdx6 ϩ/ϩ and Prdx6 Ϫ/Ϫ cells were seeded in 100-mm plates and were subjected to stressors or chemical chaperone [4-phenylbutyrate (4-PBA)] for variable periods. After an incubation period, cells were washed twice with ice-cold phosphate-buffered saline solution (PBS). Finally, 10 5 cells were resuspended in 100 l of binding buffer. The cell suspension (1 ϫ 10 5 /100 l) was then incubated with 5 l of annexin V-FITC and 5 l of propidium iodide (PI) for 15 min at room temperature in the dark. A volume of 500 l was maintained by adding 400 l of binding buffer to each mixture, and samples were analyzed by flow cytometry within 1 h (UNMC core facilities). All experiments were carried out in triplicate.
Statistical methods. Data are means Ϯ SD of the indicated number of experiments. Data were analyzed by Dunnett's multiple conversion tests or Student's t-test when appropriate. P Ͻ 0.05 was defined as indicating a statistically significant difference.
RESULTS
Cells deficient in Prdx6 had enhanced expression of ER
stress response genes, were sensitive to oxidative stress, and showed abnormal phenotypes with spontaneous apoptosis. ER stress and oxidative stress are closely linked, and oxidative stress is known to disrupt protein folding (50) . Prdx6 plays a vital role in maintaining cellular survival signaling by optimizing ROS expression at physiological levels, as shown by the finding that LECs and lenses isolated from mice in which Prdx6 has been genetically deleted (Prdx6
) are susceptible to oxidative stress-induced deleterious signaling (14, 38 -40, 72-74, 76) . To examine whether Prdx6 deficiency in cells evokes ER stress, we used LECs isolated from Prdx6-mutant Fig. 4 . A: enhanced expression of ER stressresponsive proteins in primary LECs obtained from aging human subjects. Western analysis is a representative of 24-and 64-yr-old subjects. Cell lysate was prepared from LECs isolated from lenses of young (18 or 24 yr old) and aging (63, 64, or 74 yr old) human subjects and analyzed by Western analysis. Protein blots were quantified using a densitometer, and levels were normalized to corresponding ␤-actin levels; histograms are shown beside the protein bands. B: ROS expression in aging and younger cells. Data represent means Ϯ SD of three independent experiments. hLECs, human LECs. C: increased expression of Bip in cells after H2O2 exposure. Cells were treated with 50 M H2O2 for 24 h, and cell lysate was prepared. A marked increase in the expression of Bip was observed in aged cells after H2O2 exposure (top). Results are derived from three independent experiments. *P Ͻ0.05, **P Ͻ 0.001.
(Prdx6
Ϫ/Ϫ ) and wild-type (Prdx6 ϩ/ϩ ) mice and cultured the cells in DMEM containing 10% FBS. Cells were analyzed at different time intervals and photomicrographed. As reported earlier, 48 h after culture, Prdx6 Ϫ/Ϫ cells displayed significant abnormal morphological changes with elevated expression of ROS as determined by the ROS-responsive fluorescence probe 2=,7=-dichlorofluorescein (Fig. 1B) . The cells became elongated and fiberlike, were packed irregularly, formed cellular aggregates, and detached more frequently. They also underwent spontaneous cell death (Fig. 1A) . These morphological changes in Prdx6 Ϫ/Ϫ LECs were similar to those observed in transdifferentiation in anterior subcapsular cataracts and posterior capsule opacifications (45) after cataract surgery.
Oxidative stress delays recovery of unfolded proteins and initiates the ER stress response (UPR) (48, 49) . ER stress pathways involve three major distinct stress sensor proteins, PERK, pIRE1-␣, and ATF6; Bip is the master regulator of those sensor proteins. Therefore, we first monitored the expression levels of Bip in Prdx6 Ϫ/Ϫ cells and found that the cells had increased Bip expression. Dissociation of Bip from PERK leads to the autophosphorylation of PERK, which in turn phosphorylates eIF2-␣ and activates ATF4 translation. ATF4 increases the expression of proapoptotic factor CHOP (43, 61, 66, 67, 87) . Investigating the expression levels of ER stressrelated proteins in Prdx6
Ϫ/Ϫ cells, we found that, indeed, Prdx6-depleted cells carried increased expression of phosphorylated PERK and eIF2-␣, and that CHOP and ATF4 protein levels were also higher (Fig. 1C) , indicating the prevalence of UPR/ER stress response in Prdx6-deficient cells. Furthermore, the dissociation of Bip from IRE1-␣ permits the activation of that protein, and the activated IRE1-␣ is a proapoptotic factor. On the other side, the dissociation of Bip from ATF6 permits the translocation of ATF6 into the Golgi compartment of intramembrane proteolysis. To test whether these two factors are also elevated in Prdx6
Ϫ/Ϫ cells, we extracted cytosolic and nuclear extracts from Prdx6-depleted cells. Western analysis demonstrated increased levels of pIRE1-␣ and ATF6 expression in cytosolic and nuclear fraction of Prdx6 Ϫ/Ϫ cells, respectively. Notably, ATF6-␣ was cleaved, giving rise to 37-kDa protein band ( Fig. 1C; ATF6-␣ (14, 16, 38, 39, 52, 54, 72) . In the present study, Prdx6-deficient cells harbored activated ER stress signaling with phosphorylation of eIF2-␣, a global translational inhibition (Fig. 1C) . Notably, the cells were obviously damaged during oxidative stress, behaving like aging cells with low antioxidant levels. Other enzymes appeared unable to maintain LEC homeostasis. We hypothesized that levels of other en- Ϫ/Ϫ and Prdx6 ϩ/ϩ cells. Cells were cultured in 48-well plates containing DMEM supplemented with 10% FBS; 24 h later, cells were exposed to 1% O2 for 48 h and cell viability was estimated using colorimetric MTS assay. Gray and black bars denote relative cell viability of Prdx6 Ϫ/Ϫ and Prdx6 ϩ/ϩ cells with or without hypoxia following normalization with absorbance. Data represent means Ϯ SD of three independent experiments. **P Ͻ 0.001, statistically significant difference.
zymes may be altered in Prdx6 Ϫ/Ϫ cells. By using real-time PCR or Western analysis, we monitored the levels of mRNA and protein expression of known major cytoprotective molecules: Prdxs 1-5, Cat, Gpx1, chaperone protein ␣B-crystallin, and survival transcriptional protein LEDGF, using probes specific to corresponding genes/proteins (14, 16, 38 -40, 72) . We found that the mRNA and protein expression levels of Prdx 1 and 5 were decreased. In contrast, Prdx 2 was significantly increased, and expression of Prdx 3 and 4 was also increased (Fig. 2, A and B) . Furthermore, these cells displayed a reduction in expression of Cat and Gpx-1 accompanied by diminished expression of ␣B-crystallin and LEDGF (Fig. 2, C-E) . The increased expression of Prdx 2, 3, and 4 (Fig. 2, A and B) was not able to attenuate the adverse reaction in Prdx6 Ϫ/Ϫ cells. We propose that Prdx6 Ϫ/Ϫ cells represent a model that can be used to elucidate the signaling pathways involved in aging cells, because aging is related to a decline in expression of protective proteins.
Prdx6 knockdown initiated ER response similar to that in Prdx6-deficient cells. Prdx6
Ϫ/Ϫ cells are under chronic oxidative stress that may not provide the underlying injurious signaling that occurs during acute oxidative stress. Therefore, we depleted Prdx6 by transfecting cells with antisense specific to Prdx6 (17) . The transfection caused elevation of ROS expression and significant cell death (Fig. 3, A and B) . Next, to examine the type of cell death triggered by knockdown of Prdx6, we analyzed the transfected cells for annexin V-FITC/PI assay (Fig. 3C, black bar) . Results indicated that reduced expression of Prdx6-induced apoptosis in LECs. In parallel experiments, cell extracts were prepared and subjected to Western analysis to examine whether ER stress genes were upregulated. Of these genes, CHOP and Bip/glucose-regulated protein 78 (GRP/78) were often used as UPR/ER stress markers. As expected, Prdx6 knockdown strikingly induced the expression of CHOP and Bip, and the cells showed activated expression of caspase 12 (Fig. 3D,  right lane and histogram) .
Aging cells displayed UPR. The ability to engender resistance to stress under adverse conditions is a fundamental cellular defense. The resistance capability of cells is evidently decreased during aging due to reduced expression of defense molecules (65) . Earlier research revealed a decline of Prdx6 mRNA and protein in aging mouse LECs. In the present study we sought to extend that finding by determining whether reduced expression of Prdx6 in aging cells contributes to baseline UPR/ER stress, making these cells susceptible to oxidative stress. We cultured LECs isolated from human subjects aged 24 and 64 yr. Using Western analysis, we examined expression of Prdx6, Bip, and ATF4 and found that, indeed, ER stress-associated genes or their products were activated (but not dramatically) in the aged cells than in the younger ones (Fig. 4A) . The aged cells also had elevated ROS expression (Fig. 4B ). In addition, among cells facing oxidative stress from H 2 O 2 , the aged cells were more sensitive to ER stress and had increased expression of the UPR marker Bip, a key indicator of ER stress (Fig. 4C) . Collectively, the results revealed that loss of Prdx6 was a major event in initiation/activation of ER stress signaling as observed in Prdx6-deficient cells. Since such cells characteristically behave similarly to aged cells, in later experiments, Prdx6
Ϫ/Ϫ cells were utilized as a model system for aging cells.
Prdx6 Ϫ/Ϫ cells were sensitive to hypoxia-induced cytotoxicity and displayed increased ROS expression.
Prdx6 is a multifunctional protein that protects cells against oxidative stress by optimizing ROS (14, 38, 54, 72) . Hypoxia increases intracellular ROS production in a variety of cells (7, 26, 46, 55, 69, 77) . Mitochondria have been proposed as a primary source of Ϫ/Ϫ or Prdx6 ϩ/ϩ cells were exposed to various concentrations of CoCl2, and MTS assay was conducted after 48 h. A significant decrease in survival of Prdx6 Ϫ/Ϫ cells was observed compared with Prdx6 ϩ/ϩ cells, suggesting that Prdx6 is essential to protect cells from hypoxia-induced damage. Results were normalized according to the absorbance of the untreated control at termination of experiments. Data represent means Ϯ SD of three independent experiments. **P Ͻ 0.001, statistically significant difference.
ROS production during hypoxic stress. Prdx6 has been found to be translocated into mitochondria during ischemia, suggesting that Prdx6 may eliminate hypoxia-induced ROS-mediated cell injury (12, 14, 38, 72) and thereby maintain survival signaling (14, 38) . We tested the ability of Prdx6 to mount cytoprotection against hypoxic stress. Exposure of cells to hypoxia (1% O 2 for 48 h) or to variable concentrations of the hypoxia mimic CoCl 2 significantly increased cell injury in Prdx6-deficient cells, as shown in photomicrographs (Fig. 5Ad vs. Ab and Fig. 6Ab vs. Af, Ac vs. Ag, and Ad vs. Ah). These cells displayed an abundance of ROS expression when measured by H2-DCF-DA fluorescence dye (Fig. 5B, black bar, and Fig. 6B, black bar) , in contrast to Prdx6 ϩ/ϩ cells. However, photomicrographs showed cell death in Prdx6 Ϫ/Ϫ cells without hypoxia, because these cells are always in redox state (14, 38, 72) . In contrast, Prdx6 ϩ/ϩ cells showed some growth inhibition.
Next we evaluated the protective efficacy of Prdx6.
Prdx6
ϩ/ϩ and Prdx6 Ϫ/Ϫ cells were exposed to hypoxia (1% O 2 ) or treated with increasing concentrations of CoCl 2 and were analyzed for cell viability by MTS assay and apoptosis assay (annexin V-FITC/PI binding assay). The Prdx6 ϩ/ϩ cells were significantly viable and survived well even with exposure to hypoxic stressors (1% O 2 : Fig. 5C , gray bar, or hypoxia mimic, CoCl 2 ; Fig. 6C, gray bars) , demonstrating the ability of Prdx6 to protect cells against hypoxia-induced apoptosis (Fig. 7A, B, and C,  gray bars) .
Hypoxia-exposed Prdx6 Ϫ/Ϫ cells showed enhanced ER stress. ER stress is triggered by a variety of stressors including hypoxia (81) . Prdx6 Ϫ/Ϫ cells display ER stress signaling and are vulnerable to stress-induced cell death. To examine whether hypoxia would stimulate ER stress signaling in Prdx6-deficient cells, we first exposed the cells to variable concentrations of CoCl 2 , a hypoxia mimic (10) , and measured the expression and activation of caspase 12 (no. 2202, Cell Signaling) and the induction of CHOP, known to be involved in ER stress-induced apoptosis. Compared with Prdx6 ϩ/ϩ cells, Prdx6 Ϫ/Ϫ cells exposed to hypoxia were found to be more vulnerable to cell death and underwent apoptosis (Figs. 5 and 6) and showed increased expression of CHOP and caspase 12 (and cleaved form of caspase 12) (Fig. 8, right, and black bars) . However, Prdx6-deficient cells harbored relatively higher amounts and activated caspase 12. Densitometry analysis of protein bands also showed elevation of Bip and calnexin (Fig.  8 ), but these chaperone proteins were not able to suppress cell death, suggesting that ER stress occurs downstream of oxidative stress. In experiments examining the sensitivity of Prdx6 Ϫ/Ϫ cells to ER stress, Prdx6 Ϫ/Ϫ cells were exposed to the known stress inducer tunicamycin. The cells revealed elevated levels of Bip and calnexin (Fig. 9A) , showed increased intracellular ROS (Fig. 9B) , and less viability (Fig. 9C ) and underwent apoptosis (data not shown). Taken together, results demonstrated that loss of Prdx6 in cells activated ER stress, and such cells had enhanced sensitivity to ER stress-induced cytotoxicity.
Prdx6 delivery optimized hypoxia-induced overstimulation of ER stress signaling in Prdx6
Ϫ/Ϫ cells. Earlier studies (14, 16, 38) found that Prdx6-depleted cells bear an abundance of ROS and show phenotypic changes with spontaneous apopto- ϩ/ϩ cells (gray bar vs. black bar). An equal number of cells were considered to normalize data. **P Ͻ 0.001, statistically significant differences.
sis. Treatment with MnSOD mimetic or Prdx6 supply attenuates these adverse cellular events (14, 16, 38) . But it was unknown whether a supply of Prdx6 would attenuate the basal prevalence of ER stress in Prdx6 Ϫ/Ϫ cells or the stimulation of ER stress in these cells during stress. Hypoxic stress is associated with increased production of free radicals. Also, accumulation of unfolded proteins triggers ER stress and is considered a part of the cellular response to hypoxia (32) . We used TAT-linked Prdx6 to supply Prdx6 to deficient cells facing hypoxic stress (38) and measured expression levels of ER stress-associated genes or gene products as well as intracellular level of TAT-linked Prdx6 (data not shown). Western analysis showed that, in Prdx6 Ϫ/Ϫ cells exposed to 1% O 2 , the level of ER stress-related genes/products PERK, ATF4, eIF2-␣, Bip, and CHOP along with caspase 12 (sc-5627, Santa Cruz Biotechnology) and 3 (no. 9665, Cell Signaling) were overstimulated significantly (Fig. 10, A and B) compared with the levels in Prdx6 ϩ/ϩ cells. We also examined levels of tropomyosin protein (Tmp 1␣ and 2␤) expression, suggested to be unregulated during adverse signaling. Indeed, expression of these proteins was increased. The cells that received an extrinsic supply of Prdx6 showed inhibition of activated ER stressrelated genes under hypoxic conditions, as evidenced by reduced expression of their protein level (Fig. 10, A and B , lane 3 vs. lane 5 and gray bars vs. black bars). Interestingly, the expression of cleaved caspases (activated forms) was reduced, suggesting that Prdx6 attenuates the processing of caspases (Fig. 10, caspase 12 cleaved form or caspase 3 cleaved form, and histogram). No effect was observed on ␤-actin used as control, indicating the role of Prdx6 deficiency-mediated activation of ER stress.
Sodium 4-PBA, a chemical chaperone, blocked apoptosis in Prdx6
Ϫ/Ϫ LECs. Recently, several researchers have reported that sodium 4-PBA acts as a chemical chaperone to reverse the mislocalization or aggregation of proteins in ER and therefore to inhibit UPR/ER stress-induced apoptosis (22, 25, 83) . Cells deficient in Prdx6 are more susceptible to internal and external stresses leading to apoptosis (38, 72) . To determine whether apoptosis in Prdx6-deficient cells is due to ER stress, we used 4-PBA, an inhibitor of ER stress-induced apoptosis. Cells were cultured with increasing amounts of 4-PBA, and after 16 h, cells were analyzed for annexin V-FITC/PI binding. The results showed that 4-PBA delivery attenuated apoptosis in Prdx6 Ϫ/Ϫ cells (Fig. 11 , gray vs. black bars), demonstrating prevalence of ER stress-induced apoptotic signaling in these cells. However, none of the 4-PBA concentrations used in the experiment provided 100% protection, indicating the possible involvement of some other type of ER-stress-induced apoptotic signaling that is not attenuated by the addition of 4-PBA.
DISCUSSION
An imbalance between cellular antioxidant defense system(s) and ROS-driven oxidative stress has been implicated in pathogenesis of cancer and degenerative disorders such as Alzheimer's and Parkinson's diseases and cataractogenesis (13, 14, 16, 38, 40, 71) . In cells, Prdx6 participates in oxidative defense by eliminating excess ROS and thereby optimizing Ϫ/Ϫ cells were supplied with TAT-HA-Prdx6 before hypoxia stress (1% O2) to evaluate its ability to prevent hypoxia-induced overexpression of ER stress-related proteins (40) . Cell lysates were prepared after 48 h of stress using RIPA buffer, and Western analysis was performed. Notably, extrinsic supply of Prdx6 to Prdx6 them at cellular physiological levels to maintain cell survival signaling (13, 14, 16, 38, 40, 72, 74, 76) . In our earlier studies, we have shown that those Prdx6-deficient cells undergo spontaneous apoptosis and are more susceptible to oxidative stress (14, 38) . Recent accumulating evidence reveals that oxidative stress is closely linked to UPR and activates UPR/ER stress (32, 46, 50, 82, 85) . In the present study, by using Prdx6-deficient cells as a model system, we have unveiled death signaling that causes abnormalities and apoptosis (13, 16, 38, 40, 72) . Our study suggests a model in which deficiency or loss of the antioxidant Prdx6 causes initiation of UPR, and this process becomes overstimulated in response to stressors. Figure 1B shows that Prdx6-deficient cells contain higher than normal levels of ROS and undergo spontaneous apoptosis. These results were consistent with previous published reports (14, 38) . These cells express activated and upregulated ER stress genes/gene products such as Bip/GRP/78 and calnexin, markers of ER stress (Fig. 1C) . Bip and calnexin are ERresident chaperon proteins that play major roles in maintaining ER quality control. Under resting or unstressed conditions, Bip binds to the luminal domain of all three ER stress receptors and inhibits activation of PERK, IRE1-␣, and ATF6 (4, 42). During UPR/ER stress, these molecules dissociate from Bip and become activated. Thus UPR activation is correlated with Bip dissociation with these receptors. In our Western analysis experiment, we found upregulation and activation of ATF6 and pPERK, suggesting that Prdx6 Ϫ/Ϫ cells are under ER stress (Fig. 1C) .
Overproduction of ROS induced by various internal or external stresses is injurious to cells and tissues. To cope with cellular stressors, cells have evolved defense systems that include chaperones like ␣B-crystallin survival factor and a variety of antioxidants such as Cat, GPxs, and Prdxs. By examining the expression levels of other antioxidants and molecules involved in protecting cells from stressors in Prdx6 Ϫ/Ϫ cells, we found that the mRNA and protein expression of Prdx2 and Prdx4 were significantly upregulated. Other antioxidants, including ␣B-crystallin and the survival factor LEDGF, were downregulated (Fig. 2, C and E) . On the basis of that finding and because other Prdxs and protective molecules did not counteract the changes in Prdx6
LECs, we think that Prdx6 plays a pivotal role in blocking ER stress, at least in LECs. Wang et al. (72) and Manevich and Fisher (52) , in work with Prdx6 Ϫ/Ϫ mice, reported that endogenously produced mouse Prdx6 functions in vivo as an antioxidant enzyme, and its function is not redundant with that of other Prdxs and antioxidant enzymes. Prdx6 has both GSH peroxidase and PLA 2 activities (52), and recently we found that Prdx6 maintains Ca 2ϩ homeostasis (13, 16 ). These features make Prdx6 different from other antioxidants.
Moreover, antioxidants also play a pivotal in maintaining a reductive cytosolic environment through both catalytic and nonenzymatic processes (56) . In particular, antioxidants are likely to regulate intracellular ROS in a localized fashion. The role of Prdx6 in maintaining cellular survival signaling pathways and its expression in mitochondria (12) indicate that the expression level may influence both the UPR-mediated survival and apoptotic cell death responses to ER stress. We posit that deficiency or reduced expression of Prdx6 may initiate ER stress due to cellular redox-environment, and that ER stress can be overstimulated during hypoxia or oxidative stresses, leading to apoptotic signaling. Prdx6-antisense experiments, which revealed upregulated expression of ER stress-associated proteins involved in ER stress signaling, support the notion that Prdx6 deficiency is one cause of initiation of ER stress (Fig.  3C) . Oxidative stress causes ER dysfunction (30) . Our data revealed a decline in Prdx6 expression in aging cells (Fig. 4A) . These cells showed an increase in Bip with higher expression of ATF4 and caspases (Fig. 4A) , suggesting that aged cells bear activated ER stress signaling that is associated with reduced expression of Prdx6. The ER provides a unique and balanced oxidizing microenvironment for protein folding (28, 50, 70) . However, after dissociation from luminal surface of ER, Bip/ GRP78 activates three ER bound proteins: 1) type 1 ER transmembrane protein kinase (IRE1) (4, 11); 2) activating transcriptional factor 6 (ATF6); and 3) PKR-like ER kinase (PERK) (43, 66, 67) . Procaspase 12 is an ER-associated proximal effector of apoptosis (64) . Activated caspase 12 further activates caspase 9, which in turn activates caspase 3, leading to apoptosis (51, 80) . Free ATF6 translocates to nucleus to activate transcription of many unfolded protein-responsive genes including Bip/GRP78 and CHOP. PERK, on the other hand, is a kinase that phosphorylates a subunit of the translation initiation factor (eIF2-␣). Phosphorylated eIF2-␣ activates a transcriptional factor, ATF4, and the upregulation of ATF4 activates the transcription of Bip/GRP78 and CHOP. The elevation of CHOP results in a downregulation of Bcl2, activation of caspases and, finally, apoptosis (57) . Thus, Bip/ GRP78, ATF4, CHOP, and caspase 12 are the key enzymes during ER stress, and the signaling cascade is activated in Prdx6-deficient cells (Figs. 1, 2, 3, 5, and 6 ). Recent studies have indicated a close link between ER stress and caspase 12 expression and activation. Indeed, constitutive expression and activation of this protein was observed in Prdx6 Ϫ/Ϫ cells. Furthermore, the observation that caspase 12 processing occurs during ER stress induced apoptosis has supported the idea that caspase 12 could be the initiator caspase in ER stress-mediated apoptosis. However, the phenotype of mouse embryonic fibroblasts (MEF) cells isolated from caspase 12-deficient mice concerning this notion is moderate as the absence of caspase 12 in ER stress-induced apoptosis (60) , arguing the involvement of other mechanisms. Although our data suggest that Prdx6 Ϫ/Ϫ cells bear higher expression and activation of caspase 12, it may be dispensable for the execution of cell death prompted by ER stress, and that other molecular mechanisms may be involved (34, 41, 44) .
Diverse cellular stresses, such as chemotherapeutic drugs, radiation, and hypoxia, can initiate or accelerate both oxidative and ER stresses, the damaging effects of which are more pronounced in cells with reduced expression of antioxidants. Because hypoxia is considered a triggering stimulus for redox disturbances in cellular microenvironment and is known to induce ER stress (1), we exposed LECs to 1% O 2 or CoCl 2 , a hypoxia-mimicking agent. Our data showed that the hypoxic condition further activated the ER stress response genes in Prdx6 Ϫ/Ϫ cells (Fig. 8) , and the cells displayed a dramatic increase in ROS level, had reduced viability, and underwent apoptosis (Figs. 6, A-C, and Fig. 7 ). To validate this finding, we used 1% O 2 to evoke hypoxic stress in cultured cells supplemented with or without Prdx6. We found that a supply of Prdx6 reversed abnormal ER stress signaling during hypoxia, indicating that Prdx6 depletion may be associated with ER stress-mediated apoptosis. Furthermore, CHOP/Gadd153 was the first molecule observed to mediate ER stress-induced apoptosis (61) , and was found to be accelerated in Prdx6-deficient cells (Figs. 8 and 10 ).
Our data also showed elevated expression of calnexin in Prdx6 Ϫ/Ϫ cells. Calnexin is an ER-resident molecular chaperone that plays an essential role in the correct folding of membrane proteins. eIF2 is a regulatory protein involved in polypeptide chain initiation. Kaufman and colleagues (6) reported that eIF2-␣ phosphorylation levels increase in mammalian cells that are undergoing apoptosis. We found that cells deficient in Prdx6 showed elevated levels of peIF2-␣. Because phosphorylation of eIF2-␣ is mediated by four distinct protein kinases-heme-regulated inhibitor kinase (HRI), protein kinase RNA (PKR), PKR-like ER kinase (PERK), and general control non-derepressible-2 (GCN2)-we sought to identify the kinase responsible for eIF2-␣ phosphorylation. We found that the level of pPERK was high in Prdx6-depleted cells.
Empirically, it has been observed that different cell types respond differently to ischemia (47) . Particular cell types or aging cells (redox state) with reduced antioxidant may be more susceptible to hypoxia-induced injury, while cells repeatedly exposed to hypoxia may adapt and gain resistance against hypoxic stress (5, 58) . Upregulation of hypoxia-inducible factor (HIF)-dependent proteins such as heme oxygenase-1 (HO-1) and Glut-1 has been found and has been shown to be protective. Thus expression level of hypoxia may potentially modify cell survival, but the effect may be related to cell type (47) . The lens, which is excluded from circulation, is supposed to be in a hypoxic environment (2, 21, 29, 31) . However, recently, mild hypoxia was shown to elevate the defense system of cells, enabling such cells to adapt to hypoxic stress. We believe that the lens has naturally adapted to minimize damage caused by the external and internal environments and has higher expression of several enzymes, including Cat, SOD, Gpx, and Prdx6. We have reported that Prdx6 is relatively enriched in the lens (39) . These vitally encoded proteins may well form potential targets for treatment of age-associated degenerative disorders.
In summary, the study presented here describes, for the first time, the finding that Prdx6 deficiency activates ER responses in mammalian cells. Using aging cells and Prdx6-antisense experiments, we have demonstrated that loss or lack of Prdx6 results in ER stress with increased sensitivity to cell injury from hypoxia or oxidative stress. Raising the expression level of Prdx6 in cells by extrinsic supply was found to attenuate deleterious ER stress signaling by normalizing ER stress responses and ROS expression. The results extend our understanding of a plausible mechanism in cells with Prdx6 deficiency and cells facing stress, and add evidence of the important role of Prdx6 and its potential use in treatment. 
